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Abstract 
     We have studied an accelerator-based Be(p,n) neutron source for the boron neutron capture therapy 
(BNCT) which can be installed near a hospital and can treat a deeply placed tumour. With higher proton 
energy, accelerator beam power becomes lower because efficiency for generating neutrons per proton 
increases. However, the generation efficiency for epithermal neutrons may decrease because the energy of the 
generated neutrons becomes higher. We have, therefore, calculated the proton energy dependence of the 
required accelerator beam power and the epithermal neutron generation efficiencies for several proton 
energies from 8 to 30 MeV. We found that the required beam power of the accelerator for the proton energy 
of 30 MeV is one third of that of 8 MeV and that the epithermal neutron generation efficiency at 8 MeV is 
twice as that at 30 MeV. 
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1. Introduction 
     BNCT is a radiation therapy for tumours using dose of D and 7Li particles generated by the 10B(n,D) 7Li 
reaction. Because more than three times higher boron dose in tumor than normal tissue is achieved by the use 
of the boron phenylalanine (BPA), the BNCT can kill tumor cells selectively. Use of epithermal neutron 
treatment is effective for the therapy of deeply positioned cancers because the epithermal neutron has large 
penetration in a human body. 1) 
     Hitherto nuclear reactors have been used as neutron sources for the BNCT because the reactor can supply 
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enough neutron flux stably. However, it is desired to construct a BNCT facility near a hospital for making the 
process of the therapy more convenient. As the accelerator technology has been improved, a small accelerator 
based neutron source has become a candidate for BNCT. The Be(p,n) reaction is more feasible at present 
compared with other reactions applicable to the small accelerator.2) 
     It is expected that with increasing proton energy, the required beam power of the accelerator becomes 
lower because efficiency for producing neutrons per proton increases. However, the generation efficiency of 
the epithermal neutrons may be worse because the energy of generated neutrons from the Be(p,n) reactions 
becomes higher.  
In this work, we constructed a simple model for calculating the neutronics of a moderator assembly for the 
incident proton energies of 8, 9, 10, 11, 15, 22, and 30 MeV, and an extensive Monte Carlo simulation study 
was performed to obtain optimal thickness of beryllium targets and to decide optimal material of metal filter 
for fast neutrons. The number of the neutrons produced by Be(p,n) reaction increases steeply up to around the 
proton energy of 8MeV and above this energy the increase rate become not so steep. Therefore, we 
considered that around 8MeV the required accelerator power may become large. Based on this consideration 
we chose 8MeV as the lower limit of the proton energy. Finally, we estimated and compared the required 
accelerator beam powers and epithermal neutron generation efficiencies depending on the energy of the 
incident protons. 
    
2. Calculation models and methods 
2.1. A model for optimizing a beryllium target 
     Figure 1 shows a calculation model for the heat generation in the beryllium target. The PHITS code3) was 
used for calculating the heat and neutron generation in the target model. We estimated the axial heat 
distribution. We also calculated the neutron generation in the target with various thicknesses and decided an 
optimal target thickness at each proton energy. 
 
 
Fig. 1: Calculation model for the beryllium target 
2.2. A model for calculating the neutronics of a moderator assembly 
      Figure 2 shows a calculation model of a moderator assembly. This system supplies epithermal neutrons 
and also reduces the dose of the fast neutrons and J rays at the irradiation field. The material and the thickness 
of the components are also shown in this figure. The MCNPX code4) was used for calculating neutron flux. 
We calculated the epithermal neutron flux and the fast neutron contamination of the incident beam at 1 cm 
outside the collimator, which are described in detail in the following section. For the metal filter, various 
thickness of the slab of iron, lead and aluminium were examined.  
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Fig. 2: Calculation model for moderator assembly 
 
2.3. Methods for estimating the neutronic performance 
     Table 1 shows the energy ranges of neutrons and the criteria of irradiation condition5),6), which were 
adopted in this study. Fast neutron contamination in the neutron beam is important since the fast neutrons 
damage the normal tissue and must be kept at a value lower than 1.0 × 10-12 Gy㺃cm2. 
 
Table 1: Energy range for neutrons and required conditions of neutron fluxes and the fast neutron contamination of the incident beam. 
Thermal neutron ~0.5 eV Thermal neutron flux (n/cm2/sec) Less than 5.0×107 
Epithermal neutron  0.5 eV~10 keV Epithermal neutron flux (n/cm2/sec) More than 1.5×109  
Fast neutron 10 keV~ The fast neutron component of the incident beam (Gy㺃cm2) Less than 1.0×10
-12 
         
Table 2 summarizes the yield of neutrons from the Be (p, n) reaction7). 
Table 2: Neutron Yield (n/mC) at each proton energy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Proton energy 
[MeV] 
Neutron yield 
[n/mC] 
8 1.10E+13 
9 1.90E+13 
10 2.50E+13 
11 3.20E+13 
15 5.90E+13 
22 1.20E+14 
30 2.40E+14 
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The fast neutron contamination of the incident beam is calculated by the equation: 
 
 
 
F (E) : Neutron flux [n/sec/cm2] 
K (E) : Kerma factor for soft tissue [Gy㺃cm2] 
 
3. Results and discussions 
3.1. Optimal thickness of the beryllium target 
Figure 3 shows heat distributions in the target model at various proton energies. The Bragg peak in the 
target shifts to deeper places as the proton energy becomes higher.  
 
 
Fig. 3: Heat density distributions in the target at various proton energies 
      Figure 4 shows the total neutron flux at the target surface as a function of the target thickness at the 
proton energy of 8 MeV. Included in this figure are the depths in the target where the maximum heat 
deposition (the Bragg peak) and the 40% heat deposition occur in the target. For the decision of the optimal 
target thickness we have to look at both the neutron generation and the heat deposition. Around the Bragg 
peak the neutron generation is scarce and the heat deposition is very large. Therefore, we must choose the 
thickness of beryllium so that the Bragg peak does not occur in the beryllium target. At a thickness of 40% of 
heat deposition at the Bragg peak, the neutron generation is 98% of the saturated value. Here, we decided the 
optimal thickness as the thickness of 40% of the Bragg peak. 
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Fig. 4: Total neutron flux –thickness of a beryllium target of at 8 MeV proton energy 
     We decided optimal target thicknesses for other proton energies using the same procedure as for the 8 
MeV case. We calculated the thickness where the heat generation becomes 40% of that of the Bragg peak, and 
the results are summarized in Table 3. With these thicknesses we confirmed that 98~99% neutron is 
generated compared to the maximum neutron generation in the target at each proton energy. Therefore these 
thicknesses for the beryllium target were used for calculating the neutronics of the moderator assembly. 
 
 
Table 3: Optimal thicknesses of target at each proton energy 
 
Proton energy [MeV] Target thickness [cm] 
8 0.05 
9 0.06 
10 0.07 
11 0.09 
15 0.15 
22 0.32 
30 0.57 
3.2. Optimal choice of the material of metal filter 
      Figure 5 shows the epithermal neutron flux and Figure 6 shows the fast neutron contamination of the 
incident beam at the irradiation field as a function of the metal filter thickness in the case of the 8 MeV 
protons. In the range of the thicknesses of the metal filters from 13 cm to 20 cm, the difference in the 
epithermal neutron flux is small whereas the index of the fast neutron contamination of the incident beam in 
the case of iron is smaller than other materials. We found that similar tendencies are observed at other proton 
energies. We can thus conclude that iron is the best material as the filter. 
 
40% heat density 
Bragg peak occurs 
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Fig. 5: Epithermal neutron flux as a function of the metal filter thickness when the incident proton energy is 8 MeV 
 
 
 
Fig. 6: The fast neutron contamination of the incident beam as a function of the metal filter thickness when the incident proton energy is 8 
MeV 
3.3. Epithermal neutron generation efficiencies and required accelerator beam power depending on proton 
energy 
     Proton beam current of the accelerator was estimated so that epithermal neutron flux was 1.5×109 
n/cm2/sec. Figure 7 shows the required accelerator beam power to get to this value. Figure 8 shows the 
epithermal neutron generation efficiencies at each proton energy. Here, we defined the epithermal neutron 
generation efficiency as (the obtained epithermal neutron flux at the irradiation field)/(generated neutrons at 
the target). The required accelerator beam power decreases as proton energy increases. The required beam 
power of the accelerator of 30 MeV is one third of that of 8 MeV. Epithermal neutron generation efficiency 
increases as proton energy decreases. The efficiency at 8 MeV is twice of 30 MeV case. 
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Fig. 7: Required accelerator beam power at each proton energy 
 
 
 
Fig. 8: Epithermal neutron generation efficiencies per source neutron at each proton energy 
 
4. Conclusion 
     We estimated the thickness of the beryllium target where the heat density in the target becomes 40% of 
that of the Bragg peak, and obtained optimal thickness of the beryllium target for each proton energy. We 
calculated the epithermal neutron flux and the fast neutron contamination of the incident beam at the 
irradiation field by changing the thickness of the metal filter as a parameter. We found that iron is the best 
material for the metal filter. We have compared the required accelerator beam powers and epithermal neutron 
generation efficiencies depending on proton energies. The required power increases steeply below about 10 
MeV. The efficiency decreases gradually with the proton energy. We found that the power at 30 MeV is one 
third of 8 MeV case and that epithermal neutron generation efficiency at 8 MeV is twice that at 30 MeV. With 
higher proton energy, the number of ineffective neutrons increases. Therefore considering activation of 
structure materials of the neutron source, we conclude that the lower proton energy around 10 MeV is better 
for easy maintenance as far as we can design the accelerator and the target. 
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